The relationships between tissue tracer con centrations, length of time of tissue contact with film, and the darkness of resulting autoradiographic images were explored. Operational equations were then developed re
lating ranges of film darkening to the ranges of tracer concentration contained within the sections. These equa tions were solved and used to define ranges of optical density that are optimal for precise determination of tracer concentration using digital image analyzers. The BACKGROUND Quantitative autoradiography is a powerful tool for high spatial resolution determination of tissue concentrations of radiolabeled tracers used in cere bral research. In the technique, thin tissue sections containing radiolabeled compounds are placed in contact with photographic film. The emissions from the radionuclides produce exposures on the film, the magnitude of which are a direct function of the activity of the radionuclides and the length of time the tissue is in contact with the film. These expo sures in turn cause the film to darken during devel opment, producing a visible image, the darkness of which is a function of exposure. The image dark ness from a given tissue section can therefore be controlled by adjusting the length of time of contact with the film.
Because autoradiography evolved with visual in spection being an important method of image anal ysis, autoradiographic images are traditionally pro duced with film darknesses designed to be pleasing to the eye. Despite the increasing use of quantita tive analysis, little detailed study has been done on how best to produce images optimized for quantita tive analysis, although empirical observations have indicated that light images may be best (L. Soko loff, personal communication). The purpose of this investigation, therefore, was to explore the rela tionships of tracer concentration and film dark ening, and to devise methods that produce images optimized for quantitative determination of tracer concentration.
To understand the details of this study, it is im portant to be fully aware of the terminology of ex posure and film darkening. Exposure is defined as the amount of energy deposited per area of film emulsion. In tissue autoradiography, therefore, it is the product of the effective local concentration of radio nuclide and the length of time of contact with the film. If the radionuclide half-life is very long, effective concentration is simply the concentration at any time; while if the half-life of the radionuclide is short relative to the length of time of exposure, decay correction must be applied. Film darkening is a function of exposure and conditions of develop ment. It is usually referred to in units of transmit tance (n or optical density (OD). T is defined as the intensity of light that passes through the film di-1. L. LEAR vided by the intensity of light incident on the film:
OD is defined as the negative logarithm of the transmittance, and T is thus 10 to the negative OD power:
OD is the most widely used parameter to describe film darkening, and this is probably because the human eye responds in a manner that is practically linear with OD. If a section of film has twice the OD of another section, it will appear twice as dark as another. Most instruments for measuring film darkening, however, have detectors that respond directly to input light intensity, which is equal to the light that passes through the film (Lear, 1985) . They therefore respond linearly with T rather than OD, although some have logarithmic circuits that convert their outputs to reflect OD. Thus, the amount of darkening that is pleasing to the eye may not be optimal for quantitative analysis.
An autoradiograph is produced by exposure from a tissue section containing a range of values of C, and will produce an image containing a range of values of T or OD. A parameter describing the range of interest must therefore be defined, and this derivation will use that range of values of tracer concentration C, which includes the mean ± 2 SD. Ch represents the highest value in the range, C, the lowest, S the difference Ch -C" and R the ratio ChiC,.
METHODS
The general relationship between film darkening and exposure was explored by placing standards with known tracer 14C concentrations on two types of film frequently used in autoradiography, Kodak SB-54 and NMB, for lengths of time ranging from 5 to IS days. The films were developed in appropriate processors and the OD values of the images of the standards were measured using a spot microdensitometer and corresponding T values were calculated. From the results of these measurements, the relationship between T and C was described in a general fashion.
When an autoradiograph is analyzed quantitatively, the shades of darkness contained in the image are digitized into discrete steps or gray scale levels of T. D was de fined as the maximum number of gray levels that an ana lyzer can discriminate. D will vary between different types of digitizers depending upon their dynamic range and precision of analog to digital conversion, but is a constant for any given system. For the derivations in this article, it is assumed that the maximum output of the an alyzer will occur when T = I, in regions of the film with J Cereb Blood Flow Metab, Vo/' 6, No.4, 1986 zero exposure. Thus, the minimum size of an incremental step in T that the analyzer can resolve equals liD. Opera tional equations were developed that defined how incre mental differences in C within a tissue section caused measurable incremental differences in T. The operational equations were then optimized with respect to maxi mizing precision of C determination from T measure ments.
Because the range of C values within the tissue sec tions was found to be an important parameter used in op timizing exposure, typical ranges of C values were mea sured in the brains of normal awake rats for several tracers used for measuring cerebral blood flow and glu cose metabolic rate. (Sokoloff et aI. , 1977; Hawkins et aI. , 1979; Lear et aI., 1982; Sako et aI., 1984; Sakurada et aI., 1978; Lear, 1986h) . Based upon these ranges, optimum ranges of film darkening were determined for high-precision autoradiographic measurement of tracer concentration.
RESULTS
Both Kodak SB-54 and NMB films had similarly shaped darkening responses at low exposures. OD vs. C was linear for OD values up to �0.4 for SB-54 and 0.8 for NMB film. Above these values, OD be came approximately logarithmic with respect to C until saturation values were reached (see Fig. 1 ):
where ki is a constant depending on the film (i is used to designate film), t is the length of time of tissue contact with film, and ODm is the maximum value of linear film response range. The response of T with respect to C was therefore an inverse powers relationship for exposures that produce OD values that are less than ODm:
To maximize the accuracy of determination of tracer concentration, the relationship between gray scale levels within D and values of C must be de fined and optimized. Because of this inverse powers relationship of detector response with C, precision will be a function of C, and some decision as to how precision should be maximized must be made.
One possibility, which will be referred to as Con dition 1, is to maximize the average precision of C measurement over the range of C values in the tissue section. To maximize the average precision of C measurement over this range, the range should be spread over as many levels within D as possible. This is accomplished by maximizing the difference between the T values associated with C1 and Ch, or Tl and Th, respectively. This difference is referred to as Td:
(6) Figure 2 shows that for a given value of R, Td is a function of where the image lies on the T curve. For very light or dark images, Td becomes small, indicating that a maximum can be found. This was done as follows. For OD values less than ODm' or Td = 1O-(k,tC,) -1O-(k,tCh) (7)
Equation 8 can be maximized by finding the solu tion for the zero value of the first derivative with respect to T. Following elementary calculus and al gebra, Td is maximized when
Equation 9 shows that for Condition 1, the op timum value of optical density of the image is a function of the range of tracer concentrations con tained within the tissue section that was used to produce the image.
The sizes of the smallest resolvable steps in T (aT) are all equal to lID. The sizes of the corre sponding steps in C, aC, are not uniform, however, but rather are a function of C. aC is the product of the size of the incremental step in T (aT) and the first derivative of C with respect to T:
For a given increment in T, the incremental steps in C will be larger in dark regions than in light re gions of the image, making C determinations less precise in dark regions (see Fig. 3 ). Therefore, other optimization criteria that would improve the precision of measurement for Ch might be desirable at times. One such condition (Condition 2) for opti mization might be to maximize precision of C mea surements in dark regions, i.e. , minimize aCh/( Ch -C1). Substituting from Eqs. 8, 10, and 11, we should maximize lOr -OD h) X (Ch -C1) x k;fl -log(e). By setting the first derivative of this rela tionship equal to zero,
or
Another optimization strategy that may be prac tically very important (Condition 3) is to establish a compromise between high precision and high signal-to-noise ratio. This condition, while not as intuitive as Conditions 1 and 2, is important be cause many detectors that can be used to analyze images have fixed noise components (Lear et al., 1986a) , and signal!noise characteristics are there fore directly related to T. Thus, we should maxi mize the product of average precision (T] -Th) and lowest value of the signal (Th), or (T] -Th) X Th. By substituting for T as in Eq. 5, and solving for the zero value of the derivative, the optimal condition can be determined:
The solutions for Conditions 1, 2, and 3 show that optimal image darknesses are functions of R, so it is important to determine R for common ex perimental conditions. Ta ble 1 contains the results of the studies to determine R values for several tracers used in autoradiographic cerebral blood flow and metabolism measurements. The values are from normal awake rats and generally range from -3 to 4. Ta ble 2 contains values of aD and T for an R value of 3.9 optimized for Conditions 1, 2, and 3. Ta ble 2 also contains AC/C values assuming that D = 256, a common value for image analyzers. For Condition 1, the lightest part of the image R is defined as the ratio of the highest to lowest tracer con centration within the range mean ± 2 SO that occurs in the brains of normal rats.
should have an aD value of 0.20 and a T value of 0.63, while the darkest region should have an aD value of 0.78 and a T value of 0.17. The transmit tance width of the image, T] -Th, is thus 0.46. An image would occupy 0.46 of the total number of D values that a detector could provide. The precision of C measurement is almost four times less in the dark regions as light regions as indicated by ACh/S compared with AC/S. The precision of C measure ment as a fraction of C (AC/C), however, is similar from C] to Ch, averaging 1.3%.
Condition 2, which yields an overall lighter image, has a transmittance width of 0.42 and there fore average precision is -10% lower than with Condition 1. The ratio of precisions for Ch and C] improves to slightly greater than 2, because preci sion for Ch improves by -20% and precision for C] worsens by 35%. Fractional precision of C mea surement for high tracer concentration, ACh/Ch, improves slightly, while it drops for low tracer con centration.
Condition 3, which yields an even lighter image, has a transmittance width that is further reduced to -0.34. The ratio of precision for C measurements between light and dark regions is reduced to <2. This is accomplished by a large, >50%, reduction in precision in C1 measurement and a slight im provement in precision in dark regions as compared with Condition 1. Compared with Condition 2, pre cision of measurement for both Ch and C] is lower for Condition 3, but transmittance in dark regions increases. If there is a fixed noise component (dark current noise) in the detector to be used for image analysis or if the noise in detector output is quantum limited by light input, a gain in signal! noise ratio may be accomplished by going from Conditions 1 or 2 to Condition 3, which offsets the overall precision loss.
DISCUSSION
This study shows that optimal ranges of film darkness exist for precise quantitative autoradio- graphic measurement of tissue concentrations of cerebral blood flow and metabolism tracers. The optimal darknesses are a function of the ranges of tracer concentration within the tissue sections and the desired optimization parameters. It is important to note that ki' which reflects the speed of the au toradiographic film, does not appear in the solu tions to the optimization equations. Any film with a sufficiently broad linear OD vs. C response range can be used to fulfill the conditions by adjusting the length of time of tissue contact with the film. For the three optimization parameters used in this study, the darkest areas of auto radiographic images from tissue sections of normal animals were found to have desired optical densities ranging from �0.3 to 0.8 OD units using film with linear OD versus C responses. For Condition 1, ODh (0.78) exceeds ODm for Kodak SB-54 film. Thus, with SB-54 film, the precision of C measurement will be less than the theoretical limit. For the other condi tions, both NMB and SB-54 films satisfy require ments of ODh. The relatively coarse images pro duced by SB-54 film combined with its low value of ODm suggest that it should not be used except in cases where the amount of tracer that can be ad ministered is so low that an optimal amount of darkness cannot be produced with NMB or other similar film in a reasonable length of tissue-film contact time.
All of the conditions yield images that appear light to very light to the human eye. Therefore, if both qualitative film inspection and quantitative film analyses are desired, more than one image of the same brain region should be produced. This can be done in at least two ways: (a) tissue sections can be cut with greater thicknesses and used to produce images for visual inspection, although this may arti ficially reduce gray matter-white matter contrast slightly (Hawkins et aI., 1979) ; or (b) a second set of images with longer tissue-film contact durations can be produced.
Conditions 1, 2, and 3 were derived with the goal of maximizing preClSlOn of tracer concentration measurement. Other goals may be appropriate at times. For example, the relationships between tracer concentration and local cerebral blood flow values are nonlinear with diffusible tracers. In re gions of high local cerebral blood flow, small changes in tracer concentration represent higher changes in local cerebral blood flow. If maximum precision in local cerebral blood flow measure ments is desired, the nonlinearity must be incorpo rated into the optimization equations and solution.
The optical density ranges determined in this study were based upon tracer concentration ranges in normal animals. Abnormal conditions that might expand or contract the ranges of tissue tracer con centrations should be explored in preliminary studies using the solutions for normal conditions, and then redone once the actual ranges have been determined.
Finally, although actual choice of digitizers is not the thrust of this article, it is important to briefly discuss how values of D relate to digitized outputs of available autoradiographic scanners, since many manufacturers have spread confusion in their ad vertising. D is defined as the maximum number of gray levels that can be discriminated by a detector. It is equal to the dynamic range, which is defined as the maximum output of the system divided by the smallest resolvable incremental step. The size of the smallest resolvable step is limited by the system noise or A-to-D conversion precision. Values of D for autoradiographic scanners run from �60 (for in expensive video camera systems) through 200 (for expensive rotating drum densitometers) to >500 (for moderately priced solid-state detector scanners). Unfortunately, some manufacturers have confused this issue by using A-to-D conver sion with more levels than can actually be resolved by their systems. For example, some video camera systems with dynamic ranges of 60-100 use 8-bit A-to-D converters, which create 256 gray levels. Over half of these apparent levels are no more than 1. L. LEAR random noise between real resolvable levels. To make matters worse, some video camera digitizers allow the user to set the 256 levels to include only a fraction of the total output range, usually to make the minimum and maximum image values represent 1 and 256, respectively. This simply creates more pseudo-levels rather than increasing precision, and researchers must be very careful when using these systems. If at all possible, only scanners whose dy namic range equals or exceeds the A -to-D conver sion should be used.
